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miwi, a Murine Homolog of piwi,
Encodes a Cytoplasmic Protein
Essential for Spermatogenesis
PGCs in both male and female embryonic gonads and
is also involved in spermatogenesis in the adult testis
(Ruggiu et al., 1997). The Steel-c-Kit and BMP8b signal-
ing pathways are engaged in PGC proliferation and the
initiation and progression of spermatogenesis (Yoshi-
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naga et al., 1991; Zhao et al.,1996; Ohta et al., 2000).
These genes, as well as most other molecules involved
in mammalian spermatogenesis, function in multipleSummary
steps during spermatogenesis and often in other tissues
(reviewed in Lin [1997]; Griswold [1998]). Their mutantsThe piwi family genes are crucial for stem cell self-
display various effects at multiple stages of spermato-renewal, RNA silencing, and translational regulation
genesis, often with incomplete penetrance. This situa-in diverse organisms. However, their function in mam-
tion is very similar to most spermatogenic genes in Dro-mals remains unexplored. Here we report the cloning
sophila, whose mutants display specific defects suchof a murine piwi gene (miwi) essential for spermato-
as cytokinesis, mitochondrial morphogenesis, or thegenesis. miwi encodes a cytoplasmic protein specifi-
shaping of the spermatid nucleus (reviewed in Fullercally expressed in spermatocytes and spermatids.
[1998]). These mutants usually define effector genes thatmiwinull mice display spermatogenic arrest at the be-
mediate specific morphogenetic processes. The studyginning of the round spermatid stage, resembling the
of these mutants revealed that many of the morphogen-phenotype of CREM, a master regulator of spermio-
tic processes proceed via independent pathways. Thisgenesis. Furthermore, mRNAs of ACT (activator of
is one of the two striking features of spermatogenesis.CREM in testis) and CREM target genes are downregu-
The second striking feature of spermatogenesis is thatlated in miwinull testes. Whereas MIWI and CREM do
an extremely small number of male sterile mutationsnot regulate each other’s expression, MIWI complexes
cause global arrest of spermatogenesis (reviewed inwith mRNAs of ACT and CREM target genes. Hence,
Fuller [1998]; Sassone-Corsi [2000]). In these mutants,MIWI may control spermiogenesis by regulating the
cell types prior to the blocked stage accumulate andstability of these mRNAs.
appear to be morphologically normal, whereas cell types
that normally arise beyond the arrest point are absent.Introduction
Such global arrest mutations often identify key regula-
tory genes controlling transitions between distinctSpermatogenesis is one of the most dramatic examples
stages of spermatogenesis. Three such control pointsof proliferation, differentiation, and morphogenesis (re-
have been identified in Drosophila: the self-renewingviewed in Russell et al. [1990]). This process in mammals
division of spermatogonia, the entry into meiosis, andoccurs in a highly coordinated fashion within the semi-
the switch from the primary spermatocyte program toniferous epithelium inside the seminiferous tubule. Sper-
the completion of meiosis and initiation of spermiogene-matogenesis can be divided into three phases. The first
sis (Fuller, 1998). In mammals, one of the few genes thatphase is a cascade of mitoses initiated by the self-
display characteristics of a global switch gene duringrenewing division of germline stem cells (a subset of
spermatogenesis encodes the transcriptional activatortype A spermatogonia) located in the basal layer of the
CREM (cAMP-responsive element upmodulator). Sper-epithelium against the tubule wall (basal lamina). These
matogenesis of CREM-deficient mice is arrested at themitoses eventually lead to the production of numerous
early round spermatid stage (by step 5 of spermiogene-
primary spermatocytes. The second phase is the meio-
sis), accompanied by the downregulation of postmeiotic
sis of primary spermatocytes, which leads to the pro-
genes (Nantel et al., 1996; Blendy et al., 1996; Zhou et
duction of haploid round spermatids. The third phase al., 1996). Hence, CREM has been proposed as a master
is the transformation of the round spermatids into sper- switch gene that directs the onset of spermiogenesis
matozoa. This process, called spermiogenesis, com- (Sassone-Corsi, 2000). Spermiogenesis also requires
prises a series of drastic cellular reorganizations and the transcription factor TRF2, whose mutant displays
morphological changes, including acrosomal formation, spermatogenic arrest as round and elongating sperma-
flagellum development, nuclear condensation, and cyto- tids at stages somewhat later than that of CREM (step
plasm elimination, resulting in the formation of mature 7–14), with increased apoptosis in arrested spermatids
spermatozoa. (Zhang et al., 2001; Martianov et al., 2001). At present,
Spermatogenesis in mammals requires both intra- the regulatory relationship between CREM and TRF2
and intercellular mechanisms (reviewed in Lin [1997]; has not been investigated. Nor is it known how CREM
Griswold [1998]; Eddy [1998]). For example, a mouse and TRF2 work in conjunction with specific regulators,
Vasa homolog (Mvh) is involved in the proliferation of such as the protamine translational activator PRBP
primordial germ cells (PGCs) in the male embryonic go- (Zhong et al., 1999), to direct spermiogenesis. To under-
nad and is required for premeiotic differentiation in the stand the global regulation of spermiogenesis, it is cru-
adult testis (Tanaka et al., 2000). The RNA binding pro- cial to identify genes that interact with CREM. One effec-
tein Dazla is necessary for the survival of postmitotic tive way to identify such genes is to discover mutants
that display the CREM-like phenotype.
Here, we report a novel gene called miwi (murine piwi)1Correspondence: h.lin@cellbio.duke.edu
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that possesses salient features as a key regulator of the European Collaborative Interspecific Backcross
panels (See Experimental Procedures). Our mappingspermiogenesis that interacts with CREM. miwi belongs
to a novel class of evolutionarily conserved genes, the data indicate that miwi is located on chromosome 5
near the D5nds6 marker with a lod score of 9.8.piwi family genes, that have been shown to play crucial
roles in stem cell division, gametogenesis, and RNA The miwi ORF predicts that the MIWI protein contains
862 amino acid residues (Figure 1A), with a relative mo-silencing in lower eukaryotes and plants (Cox et al.,
1998; Bohmert et al., 1998; Moussian et al., 1998; Tabara lecular mass (Mr) of 98,600 and an isoelectric point of
9.46. Except for a 100–200-amino acid stretch at theet al., 1999). These genes encode highly basic proteins,
with their C-terminal regions highly conserved. The Dro- N terminus, MIWI shares significant homology over its
entire length with other PIWI family proteins, such assophila PIWI protein is present in the nucleoplasm of
spermatogonia, spermatocytes, and somatic support- MILI from mice (gi 7416113; 42% identity), HIWI (Cox
et al., 1998; 94% identity) and HILI (gi 14042216; 41%ing cells (Cox et al., 2000). Loss of PIWI function leads
to failure of spermatogonial self-renewal (Lin and identity) from humans, SEAWI from sea urchin (gi
12007643, 48% identity), PIWI (Cox et al., 1998; 37%Spradling, 1997; Cox et al., 1998). In early embryos, PIWI
is present in the cytoplasm and is important for germline identity) and AUB (Schmidt et al., 1999; Harris and Mac-
Donald, 2001; 38% identity) from Drosophila, PRG-1 andestablishment (Cox, 1999). Similar to piwi, its Drosophila
homolog, aubergine (aub, a.k.a. sting), is expressed in PRG-2 from C. elegans (Cox et al., 1998; 34% and 33%
identity, respectively), and PAP from Paramecium (gispermatogonia and spermatocytes (Schmidt et al.,
1999). Loss of aub function leads to abnormal develop- 6630673; 28% identity; Figure 1B). Interestingly, most
of these proteins are involved in the development ofment of spermatocytes and round spermatids (Schmidt
et al., 1999). Interestingly, AUB is a cytoplasmic protein the germline or its equivalent. In addition, miwi shares
significant homology to genes involved in RNA interfer-implicated in translational enhancement (Wilson et al.,
1996; Harris and MacDonald, 2001). We have previously ence (rde-1 in C. elegans and qde-2 in Neurospora),
meristem cell division (Zwille and Agonaute in Arabi-isolated a human homolog of piwi and aub called hiwi
from a testis cDNA library, hinting at a potential role for dopsis), and translational initiation (eIF2C1 and eIF2C2
in humans and GERp95 in rabbits; Cerutti et al., 2000).piwi family genes in mammalian spermatogenesis (Cox
et al., 1998). Here, we describe the cloning and func- The homology is particularly high in the C-terminal PIWI
domain and the 110-amino acid PAZ domain in the mid-tional analysis of miwi as the murine ortholog of hiwi.
Our analyses show that miwi is a testis-specific gene dle of this class of proteins (Cerutti et al., 2000; Figure
1C), suggesting the potential importance of these re-encoding a cytoplasmic protein present specifically in
spermatocytes and round spermatids. miwinull mice gions for MIWI function.
show spermatogenic arrest at the beginning of spermio-
genesis, a phenotype similar to that of the CREM mutant. miwi Is Specifically Expressed in the Germline
Although this arrest is not due to the effect of miwinull during Spermatogenesis
mutation on CREM expression, it is accompanied by To explore the role of miwi in development, we examined
the downregulation of the mRNAs of ACT (activator of its expression in major adult organs and at various
CREM in testis; Fimia et al., 1999) and CREM target stages of embryogenesis by Northern blotting analysis
genes. Interestingly, MIWI complexes with these (Figure 2A). miwi encodes a 4.7 kb abundant transcript
mRNAs. These analyses reveal a novel and essential and a 6.5 kb low-level transcript, both of which are
function of the piwi family of genes in spermatogenesis specifically expressed in the adult testis but not detect-
and represent a systematic study of a mammalian mem- able in other adult organs or in embryos at 7, 11, 15, or
ber of the piwi gene family. 17 days post coitum (dpc). The adult- and testis-specific
expression of miwi is further confirmed by in situ hybrid-
ization (data not shown), by examining the expressionResults
of the miwi-GFP knockin chimeric gene (data not
shown), and by Western blot analysis (Figure 2B). In theMolecular Cloning and Mapping of miwi
To investigate the function of piwi family genes in mam- testis, miwi RNA is not detectable at 1, 3, 6, or 9 days
post partum (dpp; data not shown) but is first detectedmalian development, we isolated a 4.06 kb miwi cDNA
containing a 191 bp 5 untranslated region (UTR), a 2.59 in cells in the center of the seminiferous tubules at 12
dpp, a stage when zygotene spermatocytes first appearkb open reading frame (ORF), and a 1.17 kb 3 UTR
followed by a poly(A) tail (see Experimental Procedures). (Figure 3A). When the tubule lumen becomes conspicu-
ous at 14 dpp, miwi RNA is restricted to the lumenalThe ORF is preceded by multiple inframe stop codons,
indicating its completeness. To characterize the miwi side of the seminiferous epithelium, where developing
spermatocytes reside (Figure 3B). In fully developedgene structure, we isolated 40 kb miwi genomic DNA
from the locus. The miwi cDNA corresponds to a 19.2 adult testes, miwi RNA is detected in a small number
of germ cells at the basal layer of the tubule, presumablykb genomic region, encoded by 22 exons, with the ORF
starting in the 3rd exon and ending in the 22nd exon (see zygotene stage spermatocytes, and is abundantly pres-
ent in primary spermatocytes that are one cell layerSupplemental Figure S1 at http://www.developmentalcell.
com/cgi/content/full/2/6/819/DC1). The previously de- away from the basement membrane (Figure 3C). The
germline-specific expression of miwi is confirmed byfined PIWI box is encoded by exons 20 and 21 (Cox et
al., 1998). counterstaining testes with the anti-Tsx antibody, a Ser-
toli cell marker in the adult testis (Cunningham et al.,To locate the miwi locus in the mouse genome, we
performed single-strand polymorphic mapping against 1998). The miwi-expressing cells do not express Tsx,
miwi Is Essential for Spermatogenesis
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Figure 1. The MIWI Protein
(A) Complete amino acid sequence of MIWI;
PAZ domain, blue; PIWI domain, red; PIWI
box, underlined. For cDNA sequence, see
GenBank AF438405.
(B) A phylogenetic tree of the representative
members of the piwi family genes. For genes
with an asterisk, further comparison of their
region homology is shown in (C), with per-
centage identity between MIWI and other
PIWI family proteins indicated. The HILI se-
quence is incomplete.
suggesting that they are not Sertoli cells (Figure 3D). At blotting (see Supplemental Figure S1 at http://www.
developmentalcell.com/cgi/content/full/2/6/819/DC1)all postnatal miwi-expressing stages, miwi RNA expres-
sion is only detectable in a subset of seminiferous tu- and by immunofluorescence microscopy analyses (Fig-
ure 3J). These data indicate that the antigen is the MIWIbules (Figures 3A–3D), indicating that miwi expression
is seminiferous tubule cycle dependent. protein.
MIWI is a cytoplasmic protein that is first detectable
at 14 dpp, a stage that corresponds to the appearance ofMIWI Is a Cytoplasmic Protein
To further characterize miwi function, we generated anti- pachytene stage spermatocytes (Figure 3E). Consistent
with this, in the adult testis, MIWI is present in midpachy-MIWI antibodies that recognize a 100 kDa antigen of
expected MIWI protein size. In adult mice, this antigen tene stage spermatocytes and round spermatids during
stages V–VII of the cycle of the seminiferous tubule (Fig-is detectable only in the testis (Figure 2B), where it is
expressed specifically in the germline in a pattern similar ure 3F; staging according to Russell et al. [1990]). It
becomes much more abundant in diplotene stageto the miwi RNA (Figures 3F–3I). Moreover, this antigen
is undetectable in miwinull testes, as indicated by Western spermatocytes during stage XI of the cycle (Figure 3G).
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Figure 2. miwi Is Specifically Expressed in the Testis
(A) Northern analysis of miwi expression in adult tissues and in staged embryos, with -actin as the loading control.
(B) Western analysis of adult tissues (50 g proteins/lane); bm, bone marrow; br, brain; he, heart; ki, kidney; lv, liver; lu, lung; mu, skeletal
muscle; ov, ovary; sp, spleen; te, testis; th, thymus.
This enhanced expression persists in meiotic spermato- Histological examination of miwi/ testes reveals that
spermatogenesis is uniformly arrested at the roundcytes at stage XII (Figure 3H) and in early round sperma-
spermatid stage. No spermatid undergoes cellular elon-tids (steps 1–3; Figure 3I). The MIWI protein is then
gation or nuclear condensation (Figures 4A and 4B). Thissharply reduced in abundance but is still clearly detect-
indicates that the arrest occurs before or at step 8 ofable up to at least step 13 elongating spermatids (Figure
spermatogenesis. This arrest is verified by anti-cyclin3I). However, MIWI is not detectable in Sertoli cells or
D3 antibody, which strongly recognizes the elongatedinterstitial cells. This expression pattern suggests that
spermatids (Zhang et al., 1999; Figure 4C) and showsMIWI may be involved in spermatocyte and spermatid
no detectable signal in miwi/ testes (Figure 4D). Wedevelopment either as a cell-autonomous molecule or
further determined the precise steps of round spermatidas a component of a germline-Sertoli-germline signaling
arrest by periodic acid Schiff’s staining (Figures 4E andloop.
4F) and by immunofluorescence microscopy with anti-
TRA54 antibody that labels a round organelle in pachy-Spermatogenesis in miwinull Mice Is Arrested
tene spermatocytes and the acrosome in spermatidsat Early Spermiogenesis
(Pereira et al., 1998; cf. Figures 4G and 4H). Most roundTo investigate the function of MIWI in vivo, we generated
spermatids do not contain proacrosomal bodies, sug-miwi-deficient mice by homologous recombination that
gesting that they are arrested at step 1 of spermiogene-replaced the genomic region corresponding to almost
sis. Some spermatids contain 1–2 dotty proacrosomalthe entire MIWI ORF with an MmGFP ORF (see Experi-
vesicles, suggesting that they are arrested at step 2–3,mental Procedures and Supplemental Figure S1 at
while a small number of spermatids contain round acro-http://www.developmentalcell.com/cgi/content/full/2/
some starting to subtend its process, suggesting that6/819/DC1). The resulting recombinant allele contains a
they have reached step 4. No spermtids beyond step 4fusion ORF that encodes the first nine amino acid resi-
were ever observed in the miwi/ testis. This unusuallydues of MIWI followed by a PPRQ linker and the MmGFP
clear-cut arrest at the early stages of spermiogenesispeptide. This genotype is confirmed by genomic South-
suggests that miwi is a key gene in controlling this pro-
ern and PCR genotyping analyses (see Supplemental
cess. Particularly, the extremely similar phenotype be-
Figure S1). In these homozygous miwi-deficient mice, tween miwi and CREM mutants suggest that these two
no native MIWI protein was detected in the testis either genes may work together to control the progression of
by Western blotting analysis (Figure 7A) or by immuno- spermiogenesis.
fluorescence microscopy (Figure 3J). Thus, we desig-
nate this allele miwinull. miwinull Mice Show Early Spermatogenic Defects
The miwinull (miwi/) mice develop into apparently nor- Prior to arrest at the round spermatid stage, miwi/
mal adults. Interbreeding of heterozygotes yielded the mice show earlier spermatogenetic defects. Degenerat-
Mendelian ratio (71:139:63) of miwi/, miwi/, and ing germ cells with pycnotic nuclei are frequently ob-
miwi/ offsprings. In addition, crossing miwi/ males served in regions corresponding to spermatocytes and
to miwi/ females also yielded the predicted 1:1 ratio spermatids (Figure 5B). TUNEL labeling reveals a drastic
of miwi/ to miwi/ mice (83:75). These results indicate increase in apoptotic cells from the basal layer to the
that there is no lethality caused by the miwinull mutation. lumenal layer of the seminiferous epithelium (cf. Figures
Furthermore, miwinull mice are female fertile but com- 5A and 5B). These observations suggest that the survival
pletely male sterile. Testes from adult miwi/ males of spermatocytes, spermatids, and possibly spermato-
(8–24 weeks old, n  28) on average are 29% smaller gonia is greatly compromised in miwi mutant.
by weight than miwi/ or miwi/ testes (n  28). More- To judge whether these defects reflect a direct re-
over, no sperm is found in the epidydimus of miwi/ quirement of miwi function or indirect effects of pro-
longed spermiogenic arrest, we reasoned that, if miwimice.
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Figure 3. miwi Expression in the Wild-Type
Testis
(A–D) miwi RNA expression (red), with the
basal lamina of seminiferous tubules marked
by anti-laminin antibody in green (A–C), nuclei
stained by DAPI in blue (B and C), and Sertoli
cells highlighted by anti-TSX antibody in
green (D). miwi RNA is first detected in germ
cells in the central region of the tubules in 12
dpp testes (A), which become the lumenal
region in 14 dpp testes (B). In adult testes (C),
most miwi-expressing cells are one cell away
from the basement membrane, with a small
number at the basal layer. miwi RNA is not
detected in Sertoli cells (D).
(E–J) Immunofluorescent staining of testis
sections by anti-MIWI antibody (red) in the 14
dpp (E) and adult (F–J) testes. (E) Basement
membrane is labeled by anti-laminin antibody
(green), and nuclei are labeled by DAPI (blue).
Arrows show pachytene stage spermato-
cytes. (F–J) MIWI and DNA are stained in red
and green, respectively, with the seminifer-
ous cycle stages of the tubules indicated in
Roman numbers. P, pachytene stage sperm-
atocytes; D, diplotene stage spermatocytes;
r, round spermatids; e, elongated spermatids.
Arrowheads in (H) point to some spermato-
cytes undergoing meiotic divisions. (J) is a
section of miwi null adult testis, with no MIWI
signal except for nonspecific staining in a few
apoptotic cells (yellow arrow). All bars denote
50 m.
is directly required for early spermatogenic events, the CREM and TRF2 mutants (Blendy et al., 1996; Nantel et
al., 1996; Zhou et al., 1996; Zhang et al., 2001; Martianovearly defects are likely to be detected before the sper-
miogenic arrest. We examined the first occurrence of et al., 2001), as well as in other spermatocyte-arrested
mutants (listed in Discussion).the early defects in miwi/ testes by histology. There
is no detectable difference between miwi/ and miwi/
testes from 2-week-old (Figures 5C and 5D) or 24-day- CREM Target Genes Are Downregulated
in miwinull Miceold mice (Figure 6A). The spermatogenic defects de-
scribed above are evident in 4-week-old miwi/ testes The extremely similar phenotype between miwi and
CREM mutants suggests that MIWI may function to-(Figures 5E and 5F). This time point corresponds to the
first appearance of elongated spermatids in wild-type gether with CREM to serve as master switches of sper-
miogenesis. To investigate this possibility, we examinedand heterozygous testes. These observations suggest
that, in miwi/ testes, spermatid arrest occurs at the the expression of a number of important postmeiotic
genes whose expression has been shown to be underfirst wave of spermatogenesis, while defects in sper-
matogonia and spermatocytes are manifested in a de- the control of CREM (reviewed in Fimia et al. [2001]) or
TRF2, whose deficiency causes a slightly later arrestlayed fashion. These data favor the possibility that early
spermatogenic defects are indirect effects of the sper- than that of CREM and miwi mutants (Martianov et al.,
2001). These genes include angiotensin converting en-miogenic arrest. Similar nonspecific defects, such as
apoptosis, are frequently seen in spermatid-arrested zyme (ACE) gene, male germ cell-specific gene RT7,
Developmental Cell
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Figure 4. Spermatogenesis in miwi/ Mice Is Blocked at the Early Round Spermatid Stage
(A and B) Hematoxylin/eosin (H/E) staining of testis sections from adult miwi/ (A) and miwi/ (B) mice. In (B), no elongated spermatid is
present. Instead, accumulation of round spermatids is seen in most tubules. In addition, dying cells with pycnotic and fragmented nuclei
(arrows) are frequently detected at major stages of spermatogenesis; sg, spermatogonia; sc, spermatocyte, r, round spermatid; e, elongated
spermatids.
(C and D) Cyclin D3 (red) is present in miwi/ (C), but not in miwi/ (D), testes. The sections were costained with anti-laminin antibody (green)
and DAPI (blue).
(E and F) PAS/hematoxyline staining of miwi/ (E) and miwi/ (F) testes. Acrosomes are absent in (F). Only dotty proacrosomal bodies are
present.
(G and H) TRA54 antigen (red) staining in miwi/ (G) and miwi/ (H) testis, with laminin in green and DAPI in blue. The inset in (G) shows a
magnified view of the TRA54 staining of an acrosome. The TRA54 antigen is either undetectable or completely dislocalized in (H). Bars are
25 m in (A) and (B), 200 m in (C) and (D), 5 m in (E) and (F), and 50 m in (G) and (H).
Transitional Protein 1 (TP1) gene, MTEST640, MTEST641, These analyses indicate that miwi is required for the
expression and/or the stability of ACT mRNA and theand MTEST643. We also examined testis-specific se-
quence tag MTEST82, which is expressed in step 4–7 mRNAs of CREM target genes.
round spermatids (Yuan et al., 1995; Penttila et al., 1995).
All these genes are drastically reduced in miwinull testes
(data not shown). Interestingly, the expression of ACT, MIWI and CREM Expression Are Independent
of Each Otherthe testis-specific coactivator of CREM (Fimia et al.,
1999), is also greatly reduced in miwinull mice. In contrast, To examine whether MIWI downregulates the mRNAs
of CREM target genes by downregulating CREM expres-other genes expressed in premeiotic germ cells, such
as TRF2, Dalza, and the house-keeping gene GAPDH, sion, we examined the expression of CREM in miwi/
mice by Western blotting analysis (Figure 6C) and immu-were expressed normally in miwinull mice (data not
shown). nofluorescence microscopy (Figures 6D and 6E). All
CREM isoforms are expressed in the same abundanceThe reduced expression of the CREM and TRF2 target
genes could be due to the absence of their expressing and in the same types of spermatogenic cells in miwi/
and miwi/ testes. These results suggest that miwinullcells in the miwi mutant. To test this possibility, we
repeated the above experiments with 24-day-old miwinull mutation does not downregulate CREM target RNAs by
affecting CREM expression. To examine whether MIWItestes that still contained a normal complement of sper-
matogonia, spermatocytes, and round spermatids, as acts downstream of CREM, we examined the expression
of MIWI in CREM/ mice by immunofluorescence mi-compared to the wild-type testes of identical age (Figure
6A). ACE, RT7, TP1, MTEST82, and ACT mRNAs are croscopy (Figures 6F and 6G). MIWI appears to maintain
a normal expression profile and subcellular localizationabundantly expressed in miwi/ testes but are com-
pletely undetectable in the miwi/ testes (Figure 6B). pattern in CREM/ testes. These data suggest that
miwi Is Essential for Spermatogenesis
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Figure 5. miwi/ Mice Show Earlier Sper-
matogenic Defects
(A and B) TUNEL labeling (red) showing apo-
ptotic cells in miwi/ (A) and miwi/ (B)
testes.
(C–F) H/E staining showing first occurrence of
spermatogenic defects during development.
At 14 dpp, miwi/ mice testes show normal
morphology (cf. [C] and [D]). However, at 28
dpp, when elongated spermatids first appear
in the heterozygous sibling control (E), sper-
matogenic arrest and cell death become de-
tectable in the mutant (F). Bars are 200 m
in (A) and (B) and 25 m in (C)–(F).
CREM does not regulate miwi expression during sper- phenotypes indicative of their role in global regulation
of key spermatogenic steps. In this paper, we have pre-matogenesis.
sented evidence that miwi is such a spermatogenic
gene. The phenotype of the miwinull mutant reveals theMIWI Complexes with mRNAs of ACT
essential role of miwi in spermiogenesis, while the germ-and CREM Target Genes
line-specific expression of MIWI further suggests thatSince MIWI is a cytoplasmic protein that can bind to
MIWI acts cell autonomously to achieve this function.ribonucleiotide homopolyers in vitro (Kuramochi-Miya-
This study revealed the novel function of the piwi familygawa et al., 2001), it is likely that MIWI maintains the
genes in mammalian systems.level of ACT and CREM target mRNAs by binding to
these RNAs to stabilize them. To test this possibility, we
immunoprecipitated MIWI from the wild-type testicular MIWI Is a Key Regulator of Spermiogenesis
Spermatogenesis is controlled by both inter- and intra-extract using the anti-MIWI antiserum and examined
whether ACT, ACE, RT7, and TP1 mRNAs are coprecipi- cellular mechanisms. In mammals, intercellular regula-
tion involves long-range signaling by hormones such astated by RT-PCR analysis (see Experimental Proce-
dures). Western blot analysis shows that MIWI is present follicle stimulating hormone (FSH) and luteinizing hor-
mone (LH) as well as intratesticular short-range signalingin the wild-type extract but not in the miwi/ extract
(Figure 7A). It can only be precipitated by the anti-MIWI by BMP8a/b, DHH, steel factor, and other cytokines
(reviewed in Lin [1997]). Intercellular signaling pathwaysantiserum but not by the preimmune sera from the same
rabbit (Figure 7A). RT-PCR analysis shows that ACT, must eventually influence spermatogenesis through the
ACE, RT7, and TP1 mRNAs are present in both wild- intracellular regulatory molecules at important control
type and miwi/ testicular extracts (Figure 7A). These points. These control points are often revealed by clean-
mRNAs cannot be precipitated by the preimmune sera. arrest phenotypes, as suggested by extensive genetic
They can only be coprecipitated by the anti-MIWI antise- analysis in major model organisms. For example, in
rum from the wild-type, but not from the mutant, extract yeast, cell cycle mutants are cleanly arrested at check-
(Figure 7A). These results suggest that MIWI complexes points of the cell cycle (reviewed in Hartwell and Weinert
with ACT, ACE, RT7, and TP1 mRNAs. [1989]). In the Drosophila embryo, mutations in master
genes of embryonic patterning also cause clean-cut de-
Discussion fects in corresponding embryonic axes (reviewed in
Nusslein-Volhard and Roth [1989]). In the Drosphila
ovary, removing the effector genes of the decapen-Although a number of genes are known to be involved
in spermatogenesis, only a few possess clean-cut arrest taplegic (dpp, a BMP homolog in Drosophila) signaling
Developmental Cell
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Figure 6. Regulatory Relationship between MIWI and the CREM-Mediated Pathway
(A and B) CREM and TRF2 target transcripts are not detectable in homozygous miwi/ mice.
(A) Histology of 24-day-old miwi/ and miwi/ testes used for Northern blotting analyses in (B). No phenotypic difference is manifested at
this stage. Bars are 50 m.
(B) Northern blots containing total RNA extracted from 24-day-old miwi/ and miwi/ testes as shown in (A), loaded in duplicates and probed
with various postmeiotic genes as indicated. GAPDH is used as loading control.
(C–G) MIWI and CREM expression are independent of each other.
(C) A Western blot containing total protein extracts from miwi/ and miwi/ mice. The two lanes show indistinguishable patterns of CREM
isoform expression.
(D and E) Wild-type (D) and miwi/ (E) testes stained with the anti-CREM antibody. The expression pattern between (D) and (E) are indistin-
guishable.
(F and G) Wild-type (F) and CREM/ (G) testes stained with anti-MIWI antibody. MIWI is expressed in the CREM/ testes in a normal pattern
with respect to spermatogenesis and to subcellular localization. Bars in (D)–(G) denote 100 m.
pathway from the germline rapidly ceases oogenesis—a (bgcn), two key genes required for spermatogonial dif-
ferentiation, lead to the arrest of spermatogonial differ-stem cell-driven process similar to spermatogenesis in
mammals (Xie and Spradling, 1998). Mutations in bag- entiation and accumulation of spermatogonia (McKearin
and Spradling, 1990; Ohlstein et al., 2000). Mutations inof-marbles (bam) and benign gonial cell neoplasm
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Figure 7. MIWI Regulates Spermiogenic mRNAs
(A) MIWI complexes with spermiogenic mRNAs. Total testicular extracts (no IP) from wild-type (/) and miwi/ (/) mice were immunoprecip-
itated by preimmune (preimm) and anti-MIWI antisera, and the precipitated complexes were subjected to Western and RT-PCR analyses.
Western blot shows that the MIWI protein is present in the total testicular extracts (no IP) of wild-type (/), but not miwi/ (/), mice and
that the MIWI protein in the wild-type extract can be specifically “pulled down” by anti-MIWI but not by preimmune sera. RT-PCR analysis
indicates that, even though the mRNAs of ACT, ACE, RT7, and TP1 are present in both wild-type (/) and miwi/ (/) extracts, they can
only be precipitated by the anti-MIWI antibody. MIWI does not appear to be a general RNA binding protein, since the U3B RNA (Mazan and
Bachellerie, 1988) does not complex with MIWI. 20, 25, and 30 indicate the PCR cycles used to detect these mRNAs.
(B) A model on the involvement of MIWI in the regulation of spermiogenesis. For explanation, see text.
twine or Boule (the Drosophila homolog of the vertebrate abundantly expressed in early spermatids. Like miwi,
CREM mutants cause clean spermiogenic arrest aroundDazl fertility factors), testis-specific regulators of meiotic
entry, lead to spermatogenic arrest at the spermatocyte step 5 (Blendy et al., 1996; Nantel et al., 1996). Thus,
CREM has been proposed to be a master switch forstage (Alphey et al., 1992; Courtot et al., 1992; Eberhart
et al., 1996). spermiogenesis (Sassone-Corsi, 2000). The phenotypic
similarity between miwi and CREM mutants suggestsMost mammalian genes involved in spermatogenesis
display pleiotropic and leaky mutant phenotype. This that miwi is a key regulator that may work together with
CREM to control spermiogenesis. This “master switch”is even the case for regulatory genes, such as those
encoding RNA binding proteins DAZLA and MVH (Rug- phenotype differs from that of other spermiogenic fac-
tors, such as the RNA binding protein PBRP (encodedgiu et al., 1997; Tanaka et al., 2000), cell cycle regulators
cyclin A1 and HSP-70.2 (Dix et al., 1996; Zhu et al., 1997; by tarbp2 gene), which regulates protamine translation
(Zhong et al., 1999), TP1, which is involved in histoneLiu et al., 1998), and transcription factors A-MYB and
EGR4 (Toscani et al., 1997; Tourtellotte et al., 2000). displacement and chromatin condensation (Yu et al.,
2000), HR6B ubiquitin-conjugating enzyme, which is in-Targeted disruptions of these genes affect spermato-
genesis at multiple stages, often with a variable range volved in DNA repair (Roest et al., 1996), and casein
kinase, which is required for nuclear condensation andof defects and incomplete penetrance.
Despite this, a major control point during spermato- acrosome development (Xu et al., 1999). The tarbp2
mutant displays spermiogenic defects in round andgenesis, at the onset of spermiogenesis, has been re-
vealed by the study of the CREM/ phenotype (reviewed elongating spermatids and eventually leads to oligo-
spermia (Zhong et al., 1999). Loss of TP1, HR6B, orin Sassone-Corsi [2000]; Fimia et al. [2001]). CREM regu-
lates the transcription of spermiogenic factors such as casein kinase function only begins to cause abnormali-
ties in the elongated spermatid stage, but spermiogene-protamines, transition proteins (Tp), angiotensin con-
verting enzyme (ACE), and RT7, a germline-specific gene sis still goes to completion at observable frequencies.
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transcript. Forty-two kilobases of miwi genomic sequence were iso-The clear-cut arrest of spermatogenesis at the beginning
lated from a lambda library from Dr. J. Rossant via Dr. J. Klingen-of spermiogenesis in miwi mutants suggests that MIWI
smith. Genomic DNA (29.2 kb) was subcloned into pBlueScript KSmay play a key role in the initiation of the entire spermio-
() vector and sequenced. The alignment of this genomic region to
genic program. miwi cDNA reveals the intron/exon structures. Northern analysis
The CREM/miwi phenotype is somewhat similar to was conducted using a 2.0 kb cDNA as a probe, with the blots
purchased from Clontech (2 g poly(A) RNA/lane).that of TRF2, which encodes a transcriptional regulator
of spermiogenesis. TRF2 also controls the expression
Mapping the miwi Locusof postmeiotic genes. TRF2 deficiency leads to sper-
The miwi locus was located by PCR-based meiotic mapping againstmatogenic arrest at the round and elongated spermatid
the European Collaborative Interspecific Backcross (EUCIB) panel.stages (steps 7–13), with increased apoptosis in ar-
A primer pair from the 3 UTR region of the miwi cDNA were used
rested spermatids (Zhang et al., 2001; Martianov et al., to amplify the corresponding region in 50 EUCIB backcrosses. The
2001). This phenotype is later than the miwi/CREM- PCR products were heat denatured and separated by nondenaturing
gel electrophoresis to detect motility shift caused by single-strandedarrest point, suggesting that TRF2 either regulates a
conformation polymorphism. Nonpolymorphic and polymorphicsubset of MIWI/CREM target genes or plays a slightly
samples were scored as 1 and 2, respectively. The scores wereredundant role in regulating the expression of spermio-
then fed into the EUCIB online database to obtain the mapping data.genic genes.
Antibody Generation
Two miwi cDNA fragments corresponding to amino acid residues
The Regulatory Relationship between MIWI 239–524 (MIWI34) and 532–862 (MIWI56) were cloned into the
and CREM-Mediated Mechanism in Controlling pGEM-EX vector for bacterial overexpression of the peptides. Inclu-
Spermiogenesis sion bodies containing the overexpressed peptides (80% purity)
were purified from the bacteria and dissolved in solubilization bufferHow is MIWI involved in regulating spermiogenesis?
(7 M urea). The solubilized inclusion bodies were used to immunizeAmong the PIWI family proteins, AUB has been impli-
rabbits by Cocalico Biologicals (PA). Antisera R132 and R133 arecated in translational regulation in Drosophila (Wilson
against MIWI34, while antisera R134 and R135 are against MIWI56.
et al. 1996; Harris and MacDonald, 2001). RDE-1 in C. Antibodies were affinity purified by immunoblotting (Harlow and
elegans, QDE-2 in Neurospora, and eIF2C in mammalian Lane, 1988). All of the four antibodies recognize the same protein
systems are also involved in RNA-related processes on Western blots. R133 was used for all the experiments in this
paper.(Zou et al., 1998; Catalanotto et al., 2000; Koesters et
al., 1999; Tabara et al., 1999). All PIWI family proteins
RNA In Situ Hybridizationshare a highly conserved PIWI domain that is enriched
Digoxygenin-rUTP-labeled sense and antisense RNAs translatedwith highly basic and highly charged residues (Cox et
from a 1.9 kb miwi cDNA fragment corresponding to amino acids
al., 1998). This region in MIWI can bind to ribohomopoly- 137–767 were used as probes for in situ hybridization on 8 m
mers in vitro (Kuramochi-Miyagawa et al., 2001) and is cryosections. Hybridization was carried out at 60	C overnight in a
essential for MIWI function (W.D. and H.L., unpublished buffer (pH 6.5) containing 50% formamide, 1.3 SSC, 5 mM EDTA,
0.5% CHAPS, 0.2% Tween-20, 50 g/ml yeast RNA, 100 g/mldata). Here, we show that MIWI is in ribonuclear protein
heparin, and 0.1–1 g/ml RNA probe. After posthybridizationcomplexes with mRNAs of ACT and CREM target genes.
washes, sections were probed with alkaline phosphatase-conju-Thus, MIWI is likely an RNA binding protein that regu-
gated anti-DIG antibody (1:1000, Roche Molecular Biochemicals) at
lates its target RNAs by directly binding to them. The room temperature for 1 hr. The enzymatic reaction was carried out
drastic reduction of ACE, RT7, TP1, MTEST82, and ACT using Fast Red (Roche Molecular Biochemicals) as a substrate ac-
mRNAs in the miwinull mutant further suggest that MIWI cording to the manufacturer’s instructions. Immunofluorescence la-
beling of protein markers in the RNA in situ samples were subse-complexes with these mRNAs to ensure their stability
quently conducted as described below.(Figure 7B). The stabilization of the ACT mRNA may be
of particular importance, since ACT in turn activates
Western Blotting and Immunofluorescence Microscopythe transcription of the postmeiotic genes (Figure 7B).
For Western blotting, tissues were homogenized in 3–5 volumes of
Interestingly, miwinull does not affect the expression of sample buffer (5% 2-mercaptoethanol, 3% SDS, 10% glycerol, and
CREM proteins, suggesting that MIWI does not regulate 62.5 mM Tris-HCl [pH6.8]), boiled for 5 min, and separated by 10%
SDS-PAGE (50 g/lane). The transferred Genescreen filter waspostmeiotic genes by regulating CREM expression. The
probed with 1:10 dilution of purified anti-MIWI antibody, which wasregulatory pathway proposed here (Figure 7B) is likely
detected by anti-rabbit IgG antibodies conjugated with alkalineto play a central role in spermiogenesis.
phosphatase or horseradish peroxidase. Immunohistochemical
staining was performed on cryosections following the protocol of
Anderson et al. (1999). Anti-MIWI antibodies, anti-Tsx antibody (Cun-Experimental Procedures
ningham et al., 1998), and anti-laminin antibody (Sigma Co.) were
used at 1:1, 1:1000, and 1:30 dilutions, respectively. The rat mono-miwi Cloning and Northern Analysis
clonal antibody TRA54 (gifts from Dr. Y. Nishimune) was used atMultiple cDNAs covering 3.5 kb of miwi mRNA at the 3 side were
1:500 dilution. All secondary antibodies were purchased from Jack-isolated from mouse testis cDNA libraries from Clontech and Dr.
son ImmunoResearch Laboratory and used at 1:100 dilution. DAPIQuangquan Zhao using a human EST clone, zw68h01.r1 (a hiwi
(1 g/ml) was used to label nuclei in some samples.cDNA; Cox et al., 1998), as an initial probe. To retrieve cDNA se-
quence for the entire ORF, 5 RACE was performed using the Mara-
thon cDNA Amplification Kit (Clontech) with 5-TGCACTGCCAGGT Generation of miwinull Mice
To generate the miwinull allele, the replacement targeting vector KO-CCTTCATCAC-3 as the reverse transcription primer and 5-
GGCCAGTCATTTTCCAGTCAGCTCAGGTG-3 as the miwi-specific 4A was constructed in the pPNTloxPneo vector (Shalaby et al., 1995)
using a 2.0 kb ApaI fragment and a 7.0 kb KpnI–NotI fragment forPCR primer. Together, these miwi cDNAs cover 4.06 kb miwi mRNA
sequence, including the complete ORF and 3 UTR. Since the 4.7 the 5 and 3 flanking homologous regions, respectively. Twenty-
five micrograms of NotI-linearized KO-4A DNA was used for electro-kb miwi transcript is at least 20-fold more abundant than the 6.5
kb transcript (Figure 2A), these cDNAs likely represent the 4.7 kb poration of 1  107 R1 ES cells. One hundred forty-two clones that
miwi Is Essential for Spermatogenesis
829
survived the double selections were screened by PCR using primers C. (1999). Mouse primordial germ cells lacking beta1 integrins enter
the germline but fail to migrate normally to the gonads. Development5-ATGGGGTCTTTTCTTGCTCA-3 and 5-TGCCCATTAACATCAC
CATC-3. The positive clones were verified by Southern analysis 126, 1655–1664.
using 3 and 5 external probes (see Supplemental Figure S1 at Blendy, J.A., Kaestner, K.H., Weinbauer, G.F., Nieschlag, E., and
http://www.developmentalcell.com/cgi/content/full/2/6/819/DC1). Schutz, G. (1996). Severe impairment of spermatogenesis in mice
Three recombinant ES cell clones (A9, E4, and G10) were injected lacking the CREM gene. Nature 380, 162–165.
into host blastocysts following standard protocols (Hogan et al.,
Bohmert, K., Camus, I., Bellini, C., Bouchez, D., Caboche, M., and
1994). One of them, A9, gave germline transmission of the mutant
Benning, C. (1998). AGO1 defines a novel locus of Arabidopsis con-
allele. The male chimera was crossed with C57BL/6J (JAX). Genomic
trolling leaf development. EMBO J. 17, 170–180.
DNA from the agouti F1 pups were analyzed by PCR for the presence
Catalanotto, C., Azzalin, G., Macino, G., and Cogoni, C. (2000). Geneof the mutant allele using the following three primers (see Supple-
silencing in worms and fungi. Nature 404, 245.mental Figure S1): primer a, 5-TGATTTGGGGACTTATTTTAGAGC-3;
primer b, 5-ACTTACCTTGTGACTTGGATGTG-3; and primer c, Cerutti, L., Mian, N., and Bateman, A. (2000). Domains in gene silenc-
5-TTGAAAAGCATTGAACACCATAAG-3. Homozygous mice were ing and cell differentiation proteins: the novel PAZ domain and redef-
obtained by crossing heterozygous males to either heterozygous inition of the Piwi domain. Trends Biochem. Sci. 25, 481–482.
females or homozygous females. The mouse colony is maintained Courtot, C., Fankhauser, C., Simanis, V., and Lehner, C.F. (1992).
in a mixed genetic background of 129 and C57BL/6. The Drosophila cdc25 homolog twine is required for meiosis. Devel-
opment 116, 405–416.
Histology and Apoptosis Assays Cox, D.N. (1999). Function of the Drosophila piwi gene in the self-
Testes were dissected, weighed, fixed in either Bouin (Sigma) or renewing division of germline stem cells and in germline develop-
4% paraformaldehyde overnight at 4	C, and cut into 8 m cryo or ment. In Department of Cell Biology (Durham, NC: Duke University),
paraffin sections. Hematoxyline/eosin staining and periodic acid pp. 181–218.
Shiff’s/hematoxylin staining were used for histological analysis on
Cox, D.N., Chao, A., Baker, J., Chang, L., Qiao, D., and Lin, H. (1998).paraffin sections. Apoptosis was analyzed by TUNEL labeling using
A novel class of evolutionarily conserved genes defined by piwi arethe Apoptag kit (Intergen).
essential for stem cell self-renewal. Genes Dev. 12, 3715–3727.
Cox, D.N., Chao, A., and Lin, H. (2000). piwi encodes a nucleoplasmicCoimmunoprecipitation and RT-PCR Analysis
factor whose activity modulates the number and division rate ofCoimmunoprecipitation of the MIWI-RNP complex in the testicular
germline stem cells. Development 127, 503–514.extract was performed using anti-MIWI34 antiserum, the preimmune
serum control, and the IgG control according to the protocol of Cunningham, D.B., Segretain, D., Arnaud, D., Rogner, U.C., and
Tenenbaum et al. (2000) with the following modifications: wild-type Avner, P. (1998). The mouse Tsx gene is expressed in Sertoli cells
or miwi mutant testes were homogenized in polysome lysis buffer of the adult testis and transiently in premeiotic germ cells during
and centrifuged in a microfuge at top speed for 10 min at 4	C. puberty. Dev. Biol. 204, 345–360.
Supernatants containing 2 mg of protein were used for coimmuno- Dix, D.J., Allen, J.W., Collins, B.W., Mori, C., Nakamura, N., Poorman-
precipitation, after which one-sixth of each sample was saved for Allen, P., Goulding, E.H., and Eddy, E.M. (1996). Targeted gene
Western analysis using anti-MIWI34 or anti-MIWI56 antibodies. The disruption of Hsp70–2 results in failed meiosis, germ cell apoptosis,
rest of each sample was used to prepare RNA from the immunopre- and male infertility. Proc. Natl. Acad. Sci. USA 93, 3264–3268.
cipitated RNP complex. The resulting RNAs were subjected to RT-
Eberhart, C.G., Maines, J.Z., and Wasserman, S.A. (1996). MeioticPCR analysis using Supercript II reverse transcriptase (Invitrogen)
cell cycle requirement for a fly homologue of human Deleted inaccording to the manufacturer’s instruction. Samples were taken at
Azoospermia. Nature 381, 783–785.20, 25, 30, and 35 cycles of PCR reactions and analyzed by agarose
Eddy, E.M. (1998). Regulation of gene expression during spermato-gel electrophoresis to determine the optimal condition for differen-
genesis. Semin. Cell Dev. Biol. 9, 411–416.tial detection of these transcripts of varying abundance, with optimal
cycle number for each transcript indicated in Figure 7A. Fimia, G.M., De Cesare, D., and Sassone-Corsi, P. (1999). CBP-
independent activation of CREM and CREB by the LIM-only protein
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